Because injury is universal in organ transplantation, heart transplant endomyocardial biopsies present an opportunity to explore response to injury in heart parenchyma. Histology has limited ability to assess injury, potentially confusing it with rejection, whereas molecular changes have potential to distinguish injury from rejection. Building on previous studies of transcripts associated with T cell-mediated rejection (TCMR) and antibody-mediated rejection (ABMR), we explored transcripts reflecting injury.
Introduction
Heart transplant endomyocardial biopsies (EMBs) provide an opportunity to characterize pathogenic processes unique to transplants such as rejection but also offer potential insight into states that are of general interest in cardiology such as the parenchymal response to injury. Currently, EMBs are studied by histology to diagnose rejection, following the guidelines of the International Society for Heart and Lung Transplantation (ISHLT) (1) (2) (3) (4) . The features of T cell-mediated rejection (TCMR) include interstitial inflammation and myocyte damage, and the features of antibody-mediated rejection (ABMR) include microvascular inflammation, complement factor C4d deposition (5-9), and a positive test for circulating donor-specific anti-HLA antibodies (DSAs) (10) (11) (12) (13) . However, DSA is present in many patients with no BACKGROUND. Because injury is universal in organ transplantation, heart transplant endomyocardial biopsies present an opportunity to explore response to injury in heart parenchyma. Histology has limited ability to assess injury, potentially confusing it with rejection, whereas molecular changes have potential to distinguish injury from rejection. Building on previous studies of transcripts associated with T cell-mediated rejection (TCMR) and antibody-mediated rejection (ABMR), we explored transcripts reflecting injury.
METHODS.
Microarray data from 889 prospectively collected endomyocardial biopsies from 454 transplant recipients at 14 centers were subjected to unsupervised principal component analysis and archetypal analysis to detect variation not explained by rejection. The resulting principal component and archetype scores were then examined for their transcript, transcript set, and pathway associations and compared to the histology diagnoses and left ventricular function.
RESULTS.
Rejection was reflected by principal components PC1 and PC2, and by archetype scores S2 TCMR , and S3 ABMR , with S1 normal indicating normalness. PC3 and a new archetype score, S4 injury , identified unexplained variation correlating with expression of transcripts inducible in injury models, many expressed in macrophages and associated with inflammation in pathway analysis. S4 injury scores were high in recent transplants, reflecting donation-implantation injury, and both S4 injury and S2 TCMR were associated with reduced left ventricular ejection fraction.
CONCLUSION. Assessment of injury is necessary for accurate estimates of rejection and for understanding heart transplant phenotypes. Biopsies with molecular injury but no molecular rejection were often misdiagnosed rejection by histology.
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ABMR and absent in some patients with ABMR (11) (12) (13) . In general, histologic features of rejection are more difficult to score reproducibly in EMBs than they are in kidney core biopsies (14, 15) .
Molecular assessment of transplant biopsies offers the potential for greater precision and accuracy in diagnosing rejection. We recently published a first-generation Molecular Microscope diagnostic system (MMDx-Heart) for histology-independent assessment of EMBs based on their expression of rejection-associated transcripts (RATs) that were originally derived in kidneys (16) . Molecular rejection scores were developed using an unsupervised machine learning method called archetypal analysis, which identifies a specified number of extreme phenotypes (archetypes) in the data. The first-generation MMDx-Heart system was based on a 3-archetype analysis (3AA), which gave each biopsy a normalness score (S1 normal ), a TCMR score (S2 TCMR ), and an ABMR score (S3 ABMR ) describing its closeness to each of the 3 corresponding archetypes, which correlated with rejection in histology diagnoses, albeit with discrepancies as expected (17) . The use of kidney-derived RATs to classify heart transplant biopsies was possible because many transcripts and the corresponding mechanisms in rejection are shared between kidney, heart, and presumably other organ transplants.
In addition to rejection, molecular assessment offers an opportunity to explore the response to injury, and to determine whether injury is being mistaken for rejection in histology. Injured tissue evokes innate immunity (inflammation), and parenchymal injury may contribute to reduced function and ultimately to graft failure. The most recent ISHLT consensus on diagnosis of heart rejection acknowledges that inflammation induced by injury can be confused with rejection, but no standardized criteria exist to score or correct for injury (1) . The present study sought to characterize the variance in transcript expression in EMBs that was not explained by rejection (17) . We hypothesized that the unexplained variance would be attributable to parenchymal injury and its inflammatory effects (the response to wounding), and that variation in RAT expression could be used to capture injury-induced changes because injury-related innate immunity shares molecular mechanisms with rejection-related adaptive immune responses. Characterization of the unexplained variance involved examining its time course and its relationship to published transcript sets reflecting recent injury in tissues with no rejection: mouse cardiac isografts (18) , mouse kidney isografts (19, 20) , injured human kidney transplants (21) , and damage-associated molecular pattern (DAMP) transcripts (22, 23) . We also studied whether injury was associated with depressed cardiac function and was being confused with rejection by histology. Our study design is outlined in Figure 1 .
Results
Biopsy population and rejection classification. We studied 889 clinically indicated, protocol, and follow-up EMBs (Table 1) , including 331 biopsies from the earlier study (17) . The 14 contributing centers from 7 countries are listed in Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.123674DS1). The common primary diseases were cardiomyopathy and coronary artery disease.
Histologic ISHLT diagnoses (Table 2) were expressed as a simplified classification to facilitate comparisons with molecular assessments: TCMR, possible TCMR (pTCMR), ABMR, and possible ABMR (pAB-MR) (see Methods). Histology classified the EMBs as 334 no rejection (38%), 51 ABMR (6%), 63 pABMR (7%), 84 TCMR (9%), 273 pTCMR (31%), 9 mixed ABMR and TCMR (1%), and 71 mixed pABMR and pTCMR (8%). Histology diagnoses were unavailable for 4 biopsies. In standard-of-care local HLA antibody testing (Table 2) , 158 (37%) patients were DSA positive at their most recent testing, although DSA at biopsy is not standard-of-care in some centers and were often not assessed.
Unsupervised analyses of unexplained variation in transcript expression. Our goal was to explore molecular changes that were not adequately described by the rejection scores in the 3AA-based first-generation MMDx-Heart diagnostic system (17) . We analyzed unexplained variation (UV) in the expanded cohort of 889 EMBs by re-deriving the molecular scores using a 4-archetype model (4AA) based on RAT expression. The fourth archetype in the 4AA model corresponds to UV, and introduces a corresponding molecular score, S4 UV . Comparison of the scores for the 4AA versus 3AA models (Supplemental Figure 1) showed that incorporation of the S4 UV score had almost no effect on the normalness measurements; S1 normal was almost perfectly conserved in 4AA versus 3AA (Spearman's correlation coefficient ρ s = 1.00). In contrast, the rejection estimates (S2 TCMR and S3 ABMR ) were lower when the S4 UV score was assigned. Nevertheless, the S2 TCMR and S3 ABMR in the 4AA model were highly correlated with those in 3AA (ρ s = 0.92 and 0.91, respectively) and as shown below displayed similar molecular associations.
We also explored UV using principal component analysis (PCA) based on RAT expression. In addition to principal components 1 and 2 (PC1 and PC2) studied previously (17) , the present study examined the third major source of variation, PC3 (Figure 2 ). PC1 (62% of variation) distinguished normal from abnormal biopsies. PC2 (6% of variation) separated ABMR from TCMR. PC3 (4% of the variation) distinguished many biopsies from both rejection and normalness. Biopsies with high PC3 scores often had high PC1 scores, but lacked a strong relationship to PC2. PC3 correlated with S4 UV scores (ρ s = 0.69). The data indicate that UV in RAT expression (PC3 and S4 UV ) represents an abnormal phenotype that is different from ABMR and TCMR.
Top transcripts correlating with the S4 UV score and PC3 score. Whereas the scores from PCA and archetypal analyses were derived solely from expression of RATs in EMBs, the top transcripts correlated with RATbased scores are not necessarily the RATs. We examined the transcripts most strongly correlated with S4 UV (Table 3 ) and PC3 (Supplemental Table 2 were strongly expressed in macrophages, and many had been previously annotated as quantitative constitutive macrophage transcripts (QCMATs) (24) or alternatively activated macrophage transcripts (AMATs) (25) . Six of the top 30 S4 UV -correlated transcripts and 12 of the top 30 PC3-correlated transcripts had been annotated as inducible in injury systems: IRRATs in human kidney transplants (21, 26) , IRIT5 in mouse kidney isografts (19) , and cIRITs in mouse heart isografts (18) .
The top 30 transcripts correlated with PC1, PC2, S1 normal , S2 TCMR , and S3 ABMR differed from those associated with S4 UV and PC3 (Supplemental Tables 3-7) and their cellular expression is summarized in Table  4 . For S1 normal and PC1, these included IFN-γ-inducible transcripts; for S2 TCMR , effector T cell transcripts; and for S3 ABMR and PC2, endothelial transcripts, IFN-γ-inducible transcripts, and NK cell transcripts (similar to the published analysis of ABMR transcripts) (27) . The top transcripts correlating with the S1 normal , S2 TCMR , and S3 ABMR scores in the 4AA model were similar to those published for the 3AA model (17) .
We performed gene ontology (GO) biological process analysis for the top 100 unique transcripts most correlated with each archetype score ( Table 5 ). S1 normal -associated transcripts reflected IFN-γ effects, S2 TCMR -associated transcripts reflected T cell activation, and S3 ABMR associated with angiogenesis and IFN-γ effects. S4 UV associated with inflammation pathways, many expressed in neutrophils or granulocytes. The GO biological 
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processes associated with PC1-, PC2-, and PC3-associated transcripts (Supplemental Table 8 ) were similar to those associated with S1 normal , S3 ABMR , and S4 UV , respectively; PC1 associated with T cell-mediated inflammation and IFN-γ effects, PC2 with angiogenesis, and PC3 with granulocyte activation pathways.
Expression of pathogenesis-based transcript sets. The published pathogenesis-based transcript (PBT) sets were empirically derived in primary human cell lines, mouse and human transplants, or through literature review to represent biological processes in rejection, inflammation, and/or injury (see Methods). We examined PBT scores in EMBs grouped by their highest archetype scores in normal, TCMR, ABMR, or UV groups (Table 6) . PBT scores were expressed relative to the group of normal biopsies (those whose highest score was S1 normal ).
As expected, TCMR biopsies had the highest scores for quantitative cytotoxic T cell transcripts (QCATs) and T cell burden transcripts (TCBs). ABMR biopsies had the highest scores for endothelial and non-endothelial DSA-selective transcripts (eDSASTs and DSASTs), and for NK cell burden transcripts (NKBs). TCMR had the highest IFN-γ-inducible transcripts (GRITs), but biopsies with high S4 UV scores also had high GRIT scores. All PBT scores related to injury (cIRITs, IRIT5s, IRRATs, and DAMPs) and macrophages (QCMATs and AMATs) were highest in biopsies whose highest score was S4 UV , although TCMR biopsies also had high scores.
Relationships of injury and rejection transcripts to time of biopsy after transplant. Figure 3A examines the 100-biopsy moving averages of injury measurements (S4 UV , PC3, and 5 injury-related PBT sets) in relation to time of biopsy after transplant. The injury-related PBT scores were high in early biopsies -presumably reflecting the stress of donation and implantation -and diminished over time. Figure 3B shows the moving average of rejection scores S2 TCMR and S3 ABMR , and includes the injury scores S4 UV and PC3 for ease of comparison. S2 TCMR was very low initially then showed 2 peaks before eventually declining: one at about 3 months after transplant and one after 2 to 3 years. S3 ABMR was also low initially and rose at about 3 years, then continued high. This temporal profile was similar to that of rejection reported for kidney transplants, where the late TCMR peak and the rise in ABMR correlate with nonadherence (28). 
The relationships between S4 injury , PC3, and time of biopsy after transplant are compatible with the temporal profile of resolution of injury due to donation-implantation stresses (28) , and are very different from the rejection-related scores. Note that the TCMR peaks in Figure 3B corresponded with increases in some injury-related transcript sets in Figure 3A , e.g., DAMP, QCMAT, and IRRAT scores. This is expected given the ability of TCMR, an interstitial process, to produce parenchymal injury (see Table 5 above). In contrast, ABMR is an intracapillary process that usually spares the parenchyma until late stage. The results indicate that the UV described by PC3 and S4 relates to recent parenchymal injury, and we designated S4 UV as S4 injury .
Relating the molecular phenotype to LVEF. Figure 4 shows rolling average of left ventricular ejection fraction (LVEF) (y axis) versus increasing archetype scores (x axis). The scores from all 606 biopsies with LVEF scores were used in the calculations for each line, e.g., the S1 normal line uses all 606 S1 normal scores. The rolling mean LVEF increased with increasing S1 normal score (P = 8 × 10 -5 by robust regression on the raw data) and decreased with increasing S2 TCMR score (P = 1 × 10 -7
) and S4 injury score (P = 0.002). S3 ABMR had no relationship with LVEF (P = 0.94).
The loss of function could reflect parenchymal changes associated with injury. To explore this, we examined myosin and tropomyosin transcripts highly expressed (signal > 10,000) in the normal EMBs (Table 7 ). All myosin and tropomyosin transcripts were decreased in biopsies with TCMR or injury, and to a lesser extent in ABMR biopsies. Expression of myosin and tropomyosin correlated with S1 normal and anticorrelated with S2 TCMR and S4 injury . There was minimal correlation with S3 ABMR .
Injury increases the probability that histology will diagnose rejection in biopsies with no molecular rejection. Among biopsies with low molecular rejection scores (i.e., unlikely to have rejection), those that had elevated S4 injury scores (S4 injury ≥ 0.2) were more likely to be called rejection by histology than those with low S4 injury scores (Table 8 ; P = 1.2 × 10 -9
, odds ratio 4.0). Thirty-three percent of the biopsies with high probability of molecular injury and low probability of molecular rejection were potentially misdiagnosed as severe rejection (ISHLT grades 2-3) by histology, and 45% were potentially misdiagnosed as mild rejection (ISHLT grade 1). Thus, in biopsies with a low probability of rejection by molecular assessments, rejection is diagnosed more frequently by histology when those biopsies have injury.
Discussion
Having previously developed a first-generation system for measuring rejection in EMBs, we undertook an unsupervised analysis of UV with the goal of understanding the molecular phenotype of cardiac parenchymal injury and distinguishing it from rejection. We also aimed to define the time course of rejection and injury phenotypes in the prevalent heart transplant population, and establish the relationship between molecular changes and function. Single EMB bites from heart transplant recipients in international centers were analyzed using Affymetrix microarrays in IRB-approved protocols. We explored unexplained variance as PC3 and a new S4 injury score in a 4AA model, which better explained the variance in abnormal EMBs than the S2 TCMR and S3 ABMR scores did in the previous 3AA model (17) . Both PC3 and S4 injury scores correlated with macrophage transcripts, with injury-and-repair transcripts derived in injured human and mouse transplants with no rejection, and with DAMPs that represent cellular damage. The transcripts reflecting recent parenchymal injury were most disturbed immediately after transplant and regressed toward normal over several months, compatible with the temporal profile of donation-implantation injury resolution. Rejection, particularly TCMR, also induced injury molecules. Both high S4 injury scores and high S2 TCMR scores were associated with lower LVEF, whereas high S1 normal scores were associated with higher LVEF. Failure to recognize injury appeared to lead to overestimates of rejection; biopsies with molecular injury but no molecular rejection were more often called rejection by histology. Thus, molecular diagnosis of rejection is improved when transcript expression reflecting injury is recognized, and the correlation of injury measurements with cardiac dysfunction makes EMBs more relevant to clinical scenarios.
Gene expression microarrays are the platform of choice for this stage of the project because they offer rapid translation from discovery to application. This project cannot be done with protein measurements because proteins cannot be amplified, and the products of many important transcripts would not be detectable by current measurement systems. At present, mRNA sequencing methods are unsuitable for both discovery and application systems because the technology is too time, cost, and data intensive to provide the level of insight that microarrays do over large cohorts. However, RNA sequencing offers many potential insights at the discovery level that we are currently exploring, and may be an important diagnostic platform in the future. When the molecular algorithms are fully validated, we hope that the microarray system will be available through one or more central laboratories with rapid processing (shipping time plus 24-48 hours), and in this way will be able to impact care and alter clinical practice, as is already proceeding for kidney biopsies (29) . 
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A number of observations argue that the UV detected by PC3 and S4 injury reflects parenchymal injury and response to injury. PC3 and S4 injury are highest in biopsies immediately after transplantation when rejection is uncommon on contemporary immunosuppression. Both PC3 and S4 injury correlate with transcripts previously annotated in injured tissues, particularly macrophage transcripts and transcripts correlating with depressed function in injured kidney transplants and heart isografts with no rejection (IRRATs, IRIT5s, and cIRITs). PC3 and S4 injury are associated with decreased LVEF. The possibility that PC3 and S4 injury reflect rejection is not supported by the distinct time courses and transcript associations of these scores compared with the rejection scores. Nevertheless, some EMBs with rejection can also have high injury-related molecular scores, which is compatible with the concept that rejection can induce injury, and some EMBs display severe rejection and severe injury. Some high S4 injury scores were in biopsies with rejection, particularly TCMR, which is an interstitial process that directly affects the parenchyma.
PC3 and S4 injury were derived using unsupervised analysis of variation in RATs because RATs are increased by injury (albeit less than in rejection), due to the link between innate and adaptive immunity (16, 30) , but that does not imply that RATs will be the transcripts most correlated with injury. In unsupervised analysis any set of molecules can be used to group biopsies, but the biologic processes in the biopsy groups is best understood by the actual transcripts most highly correlated with the groups, be they the molecules used to group the biopsies or others. In this study, the transcripts most highly expressed in biopsies with high S4 injury and PC3 scores were actually those annotated as macrophage and injury transcripts, not RATs.
By distinguishing between rejection and injury, the present study offers insight into the distribution of phenotypes over time after transplant, and reveals similarities between the heart and kidney transplant populations. Injury in kidney and heart transplants is extensive immediately after transplant and regresses toward normal (26) , and can reappear in severe rejection states, particularly TCMR. In kidney transplants, TCMR and ABMR differ in their time course, with TCMR peaking earlier, but both emerge between 1 and 5 years after the first year at a time of high risk of nonadherence (28) . TCMR becomes infrequent after 5-10 years (28, (31) (32) (33) , whereas ABMR is the dominant late-rejection phenotype. The relatively low incidence of late TCMR suggests adaptations in the effector T cell response, perhaps related to immunologic checkpoints (32) .
Heart-kidney similarities do not obscure major differences, particularly in the parenchymal consequences of injury and rejection. We believe that cardiac parenchyma is inherently more fragile than kidney, and evokes a more inflammatory response. For example, TCMR in heart transplants is associated The fold changes were calculated using biopsies with group 1 (n = 645) (S1 normal ) as a control.
B
Algorithms and gene lists are available at https://www. ualberta.ca/medicine/institutes-centres-groups/atagc/research/gene-lists.
with parenchymal necrosis (1), which is not a prominent feature of renal transplant TCMR (34) . We have seen differences when comparing mouse heart and kidney transplant models; mouse kidney allografts (35) tolerate TCMR better than heart allografts in the same combination (unpublished studies). Thus, while similarities between responses to injury or rejection in different organs permit development of molecular assessment systems through unsupervised analysis, understanding how each organ responds uniquely will refine molecular assessment for those organs.
The extensive injury changes in EMB and the association of these changes with reduced function adds a new dimension to our understanding of the clinical scenarios in heart transplants. The response to wounding is shared across tissues and species, as illustrated by the DAMP transcripts, which are modulated by injury even in plants (36) . Indeed, the response to wounding is a feature of cancer, "the wound that does not heal" (37, 38) . = 100 biopsies) . The S4 injury score is compared to injury PBT scores (A) and rejection-related scores (B). Time after transplant is given in days, reported on a logarithmic scale. The S2 TCMR , S3 ABMR , and S4 UV scores are all taken from the 4-archetype model (4AA). PC3, principal component 3 from principal component analysis of 889 EMBs based on rejection-associated transcript expression; IRIT5, 5-day injury-and-repair-induced kidney transcripts; cIRIT, cardiac injury-and-repair-induced transcripts; IRRATs, kidney injury-and-repair-associated transcripts; DAMP, damage-associated molecular pattern transcripts; QCMATs, macrophage-associated transcripts; QCATs, effector T cell-associated transcripts.
Macrophage infiltration occurs within 3 days in injured organ isografts due to donation-implantation stress in the absence of allograft rejection (19, 20) , accompanied by parenchymal changes as a component of healing (16, 30) . Brain death has complex effects on cardiac hemodynamics and expression of inflammatory mediators (39, 40) , and has the potential to increase the immunogenicity of the heart and increase the probability of rejection. As we move forward, it will be interesting to follow outcomes, including cardiac allograft vasculopathy, in biopsies with different combinations of injury and rejection.
Study limitations include lack of diastolic function parameters that may highlight additional clinical phenotypes, because rejection is believed to start with diastolic dysfunction (41). We did not consider clinical presentation or symptoms as phenotypes because such details are difficult to record and accurately quantify in an international multicenter study. Another dimension that can be examined is the relationship between ischemic times and S4 injury scores in early postoperative biopsies. The S4 injury score in early biopsies can be useful in comparing alternative preservation strategies. In later biopsies the source of injury is often probably rejection, particularly TCMR, but it is likely that there are other late injury phenotypes that have been missed and called rejection. Moreover, rejection-induced injury may persist after treatment of rejection and mistakenly be called "refractory rejection," causing unnecessary treatment. It is conceivable that extensive injury obscures molecular rejection, and we are currently developing binary classifiers to address this distinction in such biopsies (unpublished observations).
The availability of a platform that can measure parenchymal injury opens opportunities to explore the inflammatory and injury phenotypes in primary heart diseases that diffusely affect the parenchyma, such as myocarditis, with the expectation that injury features will also probably correlate with impaired LVEF in such diseases, and could be useful in monitoring effects of treatment. S4 injury was expected to be associated with dysfunction because it correlates with IRRATs, which were originally defined by their association with poor function in recent kidney transplants (21, 26) . The lower LVEF in biopsies with TCMR or injury may be related to myocyte response to injury, since myosin and tropomyosin transcripts were lower in biopsies with TCMR and Figure 4 . Running average of LVEF versus archetype scores. For each of the 4 archetype scores, the 606 biopsies with available LVEF data were sorted by the archetype score being plotted. A sliding window of size n = 85 biopsies was then used to plot the mean LVEF versus mean archetype score. For example, the first data point on the left on the S1 normal line corresponds to the mean LVEF and mean S1 normal of the first through 85th biopsies (sorted in ascending order of the 606 S1 normal scores), the second point to the second through 86th biopsies, etc. The lines have different x-axis ranges because, for example, the highest 85 S2 TCMR scores are approximately 0.4, while the highest 85 scores for each of S1 normal , S3 ABMR , and S4 injury are larger.
injury, recalling the loss of the heart transcripts in inflamed hearts (18) and loss of transcripts associated with differentiated function in inflamed kidney transplants (19) (20) (21) . Such loss of transcripts associated with highly differentiated parenchyma could reflect either dedifferentiation or dilution by transcripts from inflammatory cells, but our kidney studies indicate the major mechanism is likely due to dedifferentiation (42) . Heart transplant EMBs represent a new window on important problems such as the role of macrophages in human cardiac injury, repair, remodeling, and heart failure -a dynamic and emerging topic in cardiology (43) (44) (45) (46) (47) (48) . The injury or death of cardiac myocytes attracts and activates macrophages, which then clear debris, promote healing, and potentially extend injury in some circumstances. The macrophage is a fundamental component of the cardiac response to wounding, which has been difficult to study in human hearts but can be explored in transplant EMBs in the MMDx system. Many organs probably share this response, and both features unique to the cardiac parenchyma and those shared by all tissues will be of interest. A key question for future studies is whether macrophages invading cardiac tissue in response to injury are merely associated with dysfunction, a contributor to dysfunction, or an important element in restoration of function and healing, and to define the mechanisms involved. The dualistic role of macrophages as both positive and negative agents involved in cardiac repair makes it difficult to draw actionable conclusions until these issues are resolved.
Methods
Population. The present observational study comparing MMDx analysis to standard-of-care assessments was approved by the ethics board of each center and is registered at Clinicaltrials.gov (NCT02670408). As previously described (17) , biopsies were collected prospectively either for clinical indications or by , odds ratio 4.0 when histologic possible rejection and histologic rejection rows are combined.
local protocol and processed for histology and HLA antibody testing as per local standard of care. Local histology assessment followed ISHLT guidelines (1, 6) . The 889 biopsies from 455 patients included 18 taken as biological replicates from the same patient at the same time. Excluding these replicate biopsies did not influence the results. The 889 biopsies included 331 biopsies used in the previous study on molecular assessment of EMBs (17) plus 558 later biopsies. Microarray analysis. As detailed elsewhere (17), purified total RNA from EMBs including RNA available from 97 Edmonton samples used in a previous study (18) was labeled with the 3′ IVT Plus kit (Affymetrix) and hybridized to PrimeView microarrays (Affymetrix) according to manufacturer protocols (www. affymetrix.com).
Assignment of rejection diagnoses for comparison of molecular and histologic assessments. The centers often used different versions of the ISHLT classification as their histology standard of care. Therefore, to compare histologic and molecular rejection diagnoses, histology grades were translated into diagnoses of ABMR, possible ABMR (pABMR), TCMR, possible TCMR (pTCMR), combinations thereof, and no rejection. Histologic ABMR grades 1H+ and 1I+ were labeled pABMR, ABMR grades 2 and 3 were labeled ABMR, TCMR grade 1R was labeled pTCMR, and grades 2R and 3R were labeled TCMR. Samples with a grade of 0 were labeled no rejection.
Selection of the RATs in kidney biopsies. The algorithms used to derive the RATs in kidney biopsies are published (16) . RATs were the union of the top 200 probe sets associated by P value with each of the 3 comparisons: all rejection versus everything else (rejection-RATs), ABMR versus everything else (ABMRRATs), or TCMR versus everything else (TCMR-RATs).
PBTs. The PBT sets include transcripts that reflect biological processes and cell types that play important roles in rejection. The PBTs were defined in human cell lines, mouse experimental models, and human transplant biopsies, and are described in detail on the ATAGC home page (https://www. ualberta.ca/medicine/institutes-centres-groups/atagc/research/gene-lists). For application to human heart biopsies, all PBT sets were filtered by interquartile range (IQR) for variance in 889 EMBs (IQR > 0.5). PBT expression is summarized as a single score (geometric mean PBT expression in the sample divided by geometric mean PBT expression across samples in a control group, or standardized relative to the control group) based on their expression in any given biopsy. We examined PBT scores in relation to other phenotypes in the EMBs. We focused on PBTs for injury-and-repair transcripts expressed in acute kidney injury (IRRATs; derived in human kidney transplant biopsies) (21, 26) , injury-repairinduced transcripts (IRIT5s; derived in day 5 mouse kidney isografts) (19) , quantitative constitutive macrophage transcripts (QCMATs; derived in primary human cells) (24) , alternatively activated macrophage transcripts (AMATs; derived in mouse models of ischemic necrosis) (25) , DSA-selective transcripts (DSASTs; derived in human kidney transplant biopsies) (49), NK cell burden transcripts (NKBs; derived in primary human cells) (49) , T cell burden transcripts (TCBs; derived in primary human cells) (49) , quantitative cytotoxic T cell transcripts (QCATs; derived in primary human cells) (50) , IFN γ-inducible transcripts (GRITs; derived in primary human cells) (51), cardiac injury-and-repair-induced transcripts (cIRITs; derived in day 5 mouse heart isografts) (18) , and damage-associated molecular pattern transcripts (DAMPs; derived from literature) (18, 22, 36) .
Expression in cell panel. The principal expression of transcripts was annotated from a primary human cell panel previously described (52) , as well as by previous annotation in PBT lists.
Statistics
PCA. PCA is a method of dimensionality reduction that derives a set of linearly uncorrelated variables (PC scores), which explain most of the variance in a data set. We performed unsupervised PCA of the EMBs based on RAT expression. We focused on PC1, PC2, and PC3 scores, which reflect the top 3 aspects of variation in the data.
Archetypal analysis. The archetypes package in R was used (53) . Archetypal analysis (54) is a clustering-like method of unsupervised analysis that extrapolates a predefined k number of theoretical biopsies (archetypes, denoted by "A") that represent major idealized phenotypes in the data set. Each biopsy is scored in terms of how closely it relates to each archetype. The k archetype scores (denoted by "S") assigned to each biopsy describes its weighted distance from each of the k theoretical archetypes such that the sum of scores is 1. In this investigation, we studied heart biopsies in terms of 3-archetype (3AA) and 4-archetype (4AA) models trained on RAT expression. Both models assign scores representing no rejection (S1 normal ), TCMR (S2 TCMR ), and ABMR (S3 ABMR ). The 4AA model identifies an additional dimension of unexplained variance (S4 UV ), which we characterized in this paper. Biopsies could be assigned to groups according to their highest archetype score.
Relationship between LVEF and the archetype scores. Six hundred and six biopsies had LVEF data at the time of biopsy. For each of the 4 archetype scores from the 4AA model, the biopsies were first sorted in ascending order using that archetype's scores. These were then used to calculate running averages (window size = 85 biopsies) of LVEF versus archetype score based on the 606 sorted scores for each archetype in turn. Robust regression was performed using the lmRob function in the R package robust, using the raw data (not the running averages).
Study approvals. The study protocol was approved by the University of Alberta Research Ethics Board (Pro00022227), as well as by the research ethics boards of all of the contributing centers. All biopsies were collected with written informed consent.
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